In this paper, an improved TVOCs (total volatile organic compounds) sensor construction was studied. Base on this new construction, the optimized flow rate, the responding character and the linear range of detector were studied. The effect of different electrode positions on the signal intensity was tested at different voltages. Compared with traditional PID -axial PID 3 , the construction of this perpendicular PID could make the sensitivity loss decreased by a factor of 40 %. Especially, a newly adopted automatic cleaning technique was tested, which could decrease the drift greatly and make the signal of the detector almost unchanged after two weeks of continuous detection. Due to this new construction, the response time was decreased and the accuracy consequently was improved. When coupled with automatic cleaning technique, labor intensive daily calibration and frequent lamp cleaning were eliminated. The improvements in this new design made the detector more compatible with field uses.
Introduction
Photoionization detectors have several attractive features for use as direct reading instruments when evaluating exposure to organic materials, particularly solvents [1] [2] [3] [4] . This detector is a compact yet high performance device, featuring excellent response characteristics and detection sensitivity on a ppb scale. It responds to a large variety of organic and some inorganic compounds, especially for aromatics [5] and unsaturated compounds [6] , So TVOCs sensor normally battery-powered and without any heating facility, is used for fast in situ TVOC (total volatile organic compound) measurement without any GC separations, such as industrial hygiene, chemical process control, emergency chemical release response and environmental clean-up [7] . The need for such measurements increases as regulatory agencies begin to include TVOC limit in their indoor air quality guidelines. But for these measurements, there present new challenges resulting from the present construction and operation of PID.
There are several primary problems related to traditional PIDs. Typically the sample gas flows directly towards the lamp and then exits the sides (shown in Fig. 1 , it was called axial PID in this paper) and the distance between the two electrodes is relatively large [8, 9] . Relatively high voltage is needed to achieve high electric field strength and high power consumption would make the miniaturization of axial PID difficult. As results, the response time and recovery time are longer due to large volume of ionization chamber; it's more susceptible to humidity because light has to travel further [10] .
Another major drawback is drift resulting from contaminants, which are introduced with the sample and deposit on the optical window. Then the intensity of the UV light from the lamp is reduced. Because the sample stream is directed at the lamp window (in axial PID), the performance of the detector will eventually deteriorate below the acceptable level, and the quite expensive lamp must be replaced, or the window must be cleaned frequently. In the same way, the metallic electrodes also suffer from them resulting in unstable baseline current and increased noise signal.
In this paper, the perpendicular TVOC sensor was studied, which could overcome those problems mentioned above. It employed a new construction: the sample flew across the lamp window instead of towards the lamp window the way the axial PID used and adopted a new simple automatic cleaning technique, which decreased the drift greatly. Close-spaced electrodes needed lower voltage. Resulting from this new structure the response time was also decreased greatly. Comparisons between the characteristics of the two constructions were made. Improvements in the perpendicular TVOC sensor made the detector more compatible with in situ applications.
Theories
When a photon is absorbed by a molecule, which is then subsequently ionized, this phenomenon is called a photoionization [11, 12] . The PID employs this principle. As illustrated in Fig. 1 , the instrument includes an ultraviolet (UV) lamp which produces high energy photons having certain energy. The photons are directed into ionization chamber through an optical window. The photons collide with gases molecules and ionize those, whose IPs (ionization potential) are below the energy of the photons.
The ionization chamber contains a pair of electrodes -bias electrode and collector electrode (shown in Fig. 1 ). When a positive potential is applied, an electromagnetic field is created. The electron and positive ions are propelled to the electrodes. As result, a current i proportional to the gas concentration is produced, which can be expressed as [13] :
i=I0F NL[VOC] (1) I0: the initial photon flux; F: Faraday; : PI efficiency; : the absorption cross-section of the substance; N: Avogadro's number; L: the path length. The product is the PI cross-section, i. So for a particular detector and lamp, the PID signal is proportional to ionization yield, absorption cross-section and molar concentration.
Experimental

1 Construction and Design
In this study, two types of the detectors were used. One was the axial PID shown in Fig. 1 and another was the perpendicular PID shown in Fig. 2 . The house of the detector was made of PTFE [14] , which simplified the problem of making and adjusting electrical and gas lead connections to the device [6] . All the experiments were conducted at the temperature of about 20 ºC. The ionization chamber consisted of the lamp window, the collecting electrodes and various seals. The gas was pumped into the chamber by a miniaturized pump integrated with PID. The detector was shown in Fig. 3 with all the required electronics, i.e. the power supply, the lamp control, the electrometer and the pump. A chip microprocessor measured calculated the gas concentrations based on the calibration of the known standard gases (it was not used here). The power supply had two outputs: the lamp high voltage supply (1500 V D.C.) and the polarizing voltage. The output of the PID was amplified by the electrometer, which was interfaced with a personal computer by RS-232 transceivers. In this paper all signal data were reported as voltages obtained by computer. An electronic gas regulation system served for adjusting the flow rate.
2 Equipment and materials
The lamps were low-pressure gas discharge lamps emitting a line spectrum. For the investigation, a 10.2 eV lamp was used with an MgF2 window. The operating gas of it was krypton.
Standard gases were prepared by injecting known volume of high-purity standard compounds into Teflon bag containing known volume of air. Dilution air used in preparing calibration mixtures was "clean air" that was dried and purified by going through a chiller and a series of scrubbers containing desiccant and activated charcoal. Although this procedure could not remove methane, its ambient level was low and consistent enough to be disregarded for the purpose of this study.
Results and Discussion
Electrodes Position
Much attention was paid to the electrode position during the design of detector. Above all, the electrodes, especially the cathode electrode, were shaded to minimize UV light striking. In this way, cold emission was suppressed resulting in the decreased background current and noise. Actually, once leaving the UV window of the lamp, the high-energy photons traveled a very short distance before being absorbed by gas molecules. Therefore, the region that photoionization process actually happened was just a few millimeters in front of the lamp window. In the farther region, the photoionization activity decreased rapidly. Therefore, the effective region for photoionization was limited only to the space in front of the lamp window. So the electrodes were placed directly on top of the lamp to minimize the ionization chamber volume. The effect of different gaps between two electrodes on the intensity of signal was tested at the different voltage. In the same way, the collector voltage was optimized for the highest signal when the width of gap was fixed, which should be sufficiently high that electron was collected once being produced. In this way, it also could prevent the departure of the detector response departing from linearity due to the accumulation of space charges. It's shown that the best result was obtained when the gap was 1 mm with 50 V supplied. The results were shown in Fig. 4 when the voltage was fixed as 50 V with the varying gap width. It could be seen that, the intensity of signal decreased greatly when the width of gap was larger than 3 mm, and the noise was much higher when the width of gap was smaller than 0.5 mm. Considering the best SNR (signal to noise ratio), the gap was set as 1 mm wide. In addition, Fig. 5 showed the results obtained when the gap was fixed as 1 mm 50 V with different voltages supplied. As shown, the voltages should be 50 V.
Effect of Flow Rate
As reported PID measurements were observed to be essentially independent of the flow rate of VOC. which was in accord with the Lambert-Beer law of light absorption. The VOC concentration was essentially unchanged in the ionization chamber because: 1) only an extremely small fraction of VOC molecules were actually ionized; 2) the light intensities were far too low to keep a significant fraction of the VOC molecules in an excited state; 3) the VOC+ ions collected at the electrode might be reduced to regenerate the starting VOC. However, such regeneration was not the main reason PIDs were considered nondestructive. The reason was that the speed of light and the rates of photophysical excitation and deactivation were much more rapid than the rate of photon generating from the lamp. The time scale of the photon absorption and photoionization processes was on the order of femtoseconds (10-15 s) to picoseconds (10-12 s), and that of a single photon generating was on the order of nanoseconds (10-9 s, calculated based on the data in). Therefore, a greater fraction of light could not be absorbed by more material flowing through the chamber, because the concentration was essentially the same whether the gas was flowing or standing still.
The response time of TVOC sensor was usually determined by the rate at which the sample was pumped through the detection chamber and flushed out completely. Here the standard gas of benzene at 10 ppm was used to determine the response time of PID, which was defined as the time that the PID took to get a stable response to the sample. The response time of perpendicular PID (~ 1.5 s) was much less than that of axial PID (~ 4 s). The flow rate was optimized in this work to achieve the shortest recovery time and when the flow rate was higher than 200 ml/min, the recovery time was hardly changed. It was possible that a higher flow rate may decrease the change over time from varying concentrations of VOCs. The flow rate was determined at 200 ml/min. Fig. 6 showed the response of the detector to benzene at different concentrations on the same optimized condition. The observed PID response mimicked the light absorption equations at low and high concentrations. It could be seen that the present PID had linear raw response from low ppb up to thousands of ppm range and began to deviate slightly at approximately 2500 ppm benzene. However, when concentration was above ~10000 ppm, the response would drop with increasing concentration [16] . This effect could not be explained by a limitation in ion generation due to complete light absorbance. It could be explained by the decrease in the collection efficiency of ions. The secondary ion formation and neutralization could account for such decreased efficiency. With the concentration increasing, neutralization reactions became main trend. Such a drop in response at high concentrations was inherent, and was also observed in other photochemical systems [17] wherein the products could recombine to form undetected compounds. Fig. 5 The effect of different voltages of electrodes on response of perpendicular PID (benzene) Fig. 6 The response of perpendicular PID to benzene at different concentration 4.4 Decrease of the contamination As mentioned above, in most present PIDs, sample was directed to the UV lamp and collided with the lamp window resulting in the fogged window. In the perpendicular PID, the sample was directed to flow across rather than towards the lamp window. This prevented dirt and pollutant from accumulating on the lamp window because they would go past the lamp in theory. Seen from Fig. 7 , compared with axial PID, the perpendicular PID could obviously decrease the loss of sensitivity.
Observed PID Response vs. Concentration
In the perpendicular PID, the effect of automatic cleaning was studied. It was because that the PID lamp could produce some ozone (O 3 ) from the air at very low level by the reaction:
O 3 (5) O 3 was a very reactive compound and very efficient on "scrubbing" contaminants out of the ionization chamber. As long as the pump was flowing air at typical flow-rate of a few hundred ml/min, the level of ozone remained inconsequential and couldn't interfere with the measurement. However, the stoppage of flow with lamp on could allow the ozone to reside in the ionization chamber [18] . So it could be used to clean the ionization chamber while it operated by leaving the lamp on and pump off. Gas phase ozone reactions tended to be slow, so the cleaning time was relatively long. However, for problems that required continuous monitoring, stopping for several hours of cleaning just wasn't practical. So the effect of different cycle time of 480, 240, 60, 20, 6, 2, 0.5 and 0.1 min were compared with half the time used for cleaning. The results (shown in Fig. 8 ) demonstrated that it was more effective using the short cycle time than the long cycle time. In addition, Fig. 9 showed the effect of the cleaning treatment when the cycle time of 6 s was used. It could be seen that, with the cleaning treatment, the loss of sensitivity could be decreased greatly for the monitoring of mixture of organic compounds (benzene, toluene, the isomers of xylene, ethyl benzene, propane, butane, pentane, hexane and heptane (the important VOCs in the air) each at about 10 ppm. This effect would become less important for the samples with higher concentration. However, it was very suitable for the air monitoring, because the pollutants in the air were usually in low ppm range or less. Fig. 7 Comparison between the response of axial PID and perpendicular PID to the mixture of organic compounds (the main VOCs in the air: benzene, toluene, the isomers of xylene, ethylbenzene, propane, butane, pentane, hexane and heptane) each at 10 ppm (running 24 hours a day 7 days a week) Fig. 8 Comparison the response of perpendicular PID at different cycle time to the mixture of organic compounds (the same as shown in Fig. 7 , the results were obtained after running ten days at each cycle time, respectively) Fig. 9 Comparison between the response of perpendicular PID with and without auto-cleaning to the mixture of organic compounds (the same as shown in Fig. 7 ) each at 1000 and 10 ppm (running 24 hours a day 7 days a week; "with auto-cleaning" meant that when the pump was turned off, the lamp was on; "without auto-cleaning" meant that both the lamp and pump were turned on all the time)
Conclusions
In summary, this study was concerned with perpendicular TVOC sensor. The features of the perpendicular TVOC sensor were listed as follow: It directed the sample to flow across the lamp window rather than towards the lamp window, which decreased the drift greatly. With this perpendicular TVOC sensor, the response time and recovery time could be greatly decreased. Close-spaced electrodes needed lower voltage. In addition, this perpendicular TVOC sensor coupled with a new simple automatic cleaning technique could eliminate frequent daily calibration and lamp window cleaning. Improvements in the new design made the detector more compatible with field uses.
